Abstract The reduction potential of an electron transfer protein is one of its most important functional characteristics. Although the type of redox site and the protein fold are the major determinants of the reduction potential of a redox-active protein, its amino acid sequence may tune the reduction potential as well. Thus, homologous proteins can often be divided into different classes, with each class characterized by a biological function and a reduction potential. Site-specific mutagenesis of the sequence determinants of the differences in the reduction potential between classes should change the reduction potential of a protein in one class to that of the other class. Here, a procedure is presented that combines energetic and bioinformatic analysis of homologous proteins to identify sequence determinants that are also good candidates for site-specific mutations, using the [4Fe-4S] ferredoxins and the [4Fe-4S] high-potential iron-sulfur proteins as examples. This procedure is designed to guide site-specific mutations or more computationally expensive studies, such as molecular dynamics simulations. To make the procedure more accessible to the general scientific community, it is being implemented into CHARMMing, a Web-based portal, with a library of density functional theory results for the redox site that are used in the setting up of PoissonBoltzmann continuum electrostatics calculations for the protein energetics.
Introduction
The standard reduction potential E°of an electron transfer protein is one of its most important functional characteristics since it determines the driving force for electron transfer between a donor and an acceptor. Although the type of redox site is a major factor in determining E°of a protein, differences in the overall protein fold can also affect E°on the order of 1 V and differences in the amino acid sequence of homologous proteins may tune E°on the order of 100 mV [1] . Since homologous redox-active proteins can often be divided into classes based on differences in both function and E°, identifying the sequence determinants of the differences in E°may also reveal sequence differences that alter protein function or activity. In addition, identifying sequence determinants may have potential relevance to understanding genetic disease, genetic engineering, and the creation of new biomaterials.
Computational studies have played an important role in understanding reduction potentials of metalloproteins. E°is related to the standard free energy of the reduction reaction, DG°, by DG°= -nFE°, where n is the number of electrons and F is Faraday's constant. Furthermore, the energetics can be divided into the inner-sphere contribution DG in , which is the intrinsic energy required to add an electron to the redox site, and the outer-sphere contribution DG out , which is the change in the interaction energy of the redox site with the protein and solvent on reduction of the redox site [2] . Many earlier studies assumed that DG in for a given redox site is independent of its protein so relative values of E°between different proteins with the same redox site are calculated [3, 4] ; in our earlier studies we also made this assumption [5, 6] . However, identifying sequence determinants, which are usually verified by sitespecific mutagenesis, is not always straightforward. The most obvious possibilities are charged and polar side chains that affect the electrostatic potential at the redox site by virtue of the electrostatic contributions of the side chain [7] ; however, site-specific mutations may lead to unpredictable results [8] , or may not even fold properly. In addition, mutations to or from charged side chains are more likely to cause folding problems, whereas mutations involving polar side chains must get the correct orientation of the polar group with respect to the redox site. Other groups have generally focused on the magnitude of the energetic contributions per residue [9] , and modeled in various mutants based on changing residue types. However, at times the E°values of the modeled mutants have disagreed significantly with experimental values [10] .
In our previous work, a bioinformatic procedure for identifying candidates for site-specific mutation using energetic analysis of multiple crystal structures plus sequence analysis was developed [2] . In particular, the focus is not on predicting the energetic contribution of the sequence determinant, but is on whether a site-specific mutation of this determinant is likely to cause a predictable shift in E°. The premise is that when two classes of homologous proteins have different E°values, sequence determinants of the difference will be those residues that are different in identity and energetic contribution between the classes but conserved in both within each class. Moreover, the conservation within a class indicates that the contribution of the residue appears robust to many different local protein environments and therefore the residue is a good candidate for site-specific mutation. This is particularly important for polar groups, whose contribution will depend on the orientation with respect to the redox site. Thus, if there are crystal structures available from proteins of both classes, sequence alignments and the energetic contribution of each residue calculated from the crystal structures can be examined for differences between classes and conservation within each class. In addition, since there are many more sequences available than crystal structures, sequence alignments of all available sequences can be examined for consistency with the results based only on the crystal structures, which would further support the identification of the sequence determinant. In addition, by use of this energy plus sequence bioinformatic approach, the results are less dependent on the differences in experimental methods used for measuring E°or the accuracy of the crystal structures and calculation methods. For instance, experimental E°values are usually collected under different conditions, such as ionic concentration, using both voltammetry and potentiometry, which can lead to variations of 20-50 mV.
The energy plus sequence bioinformatic procedure has been used to identify a Val versus an Ala in the rubredoxins that shifts E°by approximately 50 mV between classes by differentially shifting the protein backbone near the redox site in the rubredoxins [5] , which has been verified experimentally [11] . In addition, this procedure has been used to identify a Cys versus an Ala in the ferredoxins (Fds) that shifts E°by approximately 100 mV, again by a backbone shift [6] , which is consistent with previous experimental results [12] and has been verified experimentally [13] . However, these calculations used simple Coulomb electrostatics, and thus are less useful when the sequence determinants are not immediately adjacent to the cluster so that their effects are subject to dielectric shielding or when the structural homology of the proteins is decreased by differing size loops or additional secondary structure.
Since these early calculations, many advances in computational methods have been made. For instance, calculations of E°versus the standard hydrogen electrode by Noodleman and Case [14] using broken-symmetry (BS) density functional theory (DFT) [15] to calculate DG in and by Mouesca et al.
[16] using Poisson-Boltzmann (PB) continuum electrostatics to calculate DG out are an important step forward in understanding how both the redox site and the protein contribute. Local density approximation (LDA) functionals were used in the DFT calculations, whereas the PB calculations used crystal structures with different dielectric regions for the redox site, protein, and solvent. However, more recent studies indicate that LDA functionals give poor energetics especially for transition metals [17] .
Recently, our group has predicted E°values versus the standard hydrogen electrode for [4Fe-4S] proteins that are in excellent agreement with experiment by adding DG in from BS-DFT calculations using hybrid functionals of gasphase redox site analogs and DG out from PB calculations of the redox site in the protein using partial charges from the DFT calculation [1, 18] , in an approach similar to that of Noodleman, Case, Mouesca et al. The accuracy of this DFT?PB approach is based in part on our extensive testing of the hybrid (rather than LDA) functionals and basis sets [19] used in the BS-DFT calculation of the analog against electrospray ionization photoelectron spectroscopy data [20] [21] [22] of the same analogs in the gas phase. Our DFT calculations also confirm that DG in for the iron-sulfur clusters is relatively independent of the environment [19] . In addition, the overall DFT?PB approach has been shown to be accurate for [4Fe-4S] proteins, with errors of less than 50 mV for crystal structures with a resolution of at least 1.5 Å [1] , which is a significant improvement over earlier work that calculated relative values of E°using the protein dipoles-Langevin dipoles method or molecular dynamics/protein dipoles-Langevin dipoles method, which had errors of approximately 370 mV and approximately 150 mV, respectively [9] .
Here, an improved procedure for identifying sequence determinants of E°that are good candidates for site-specific mutation is presented which combines our DFT?PB approach and new analysis methods with our earlier procedure for identifying sequence determinants. By the replacement of simple Coulomb electrostatics with PB electrostatics, dielectric screening by local atomic fluctuations in the protein and the effects of different loop sizes or supernumerary secondary structure are accounted for approximately, although no large-scale dynamics is accounted for. Again, the aim is not to predict the exact changes in E°but to predict likely site-specific mutations that will shift E°in predictable directions. The procedure is demonstrated for several different scenarios, using small, water-soluble iron-sulfur electron transfer proteins [23] . (Fig. 1) . Because of the pseudosymmetry, the two clusters of the simple Fd are isopotential with E°* 430 mV [24] , whereas somewhat surprisingly in the II-insertion Fd, E°of cluster I is approximately 200 mV lower and E°of cluster II is only slightly lower than the simple Fd value [25] . In the second two examples, high-potential ironsulfur proteins (HiPIPs) are used, for which there are fewer mutagenic data. They are characterized by a buried [4Fe-4S] cluster with loops of different lengths surrounding it and undergo a reduction of the [Fe 4 S 4 Cys 4 ] redox site that uses the 1-/2-couple (Fig. 2) . Whereas the HiPIPs found in members of the family Ectothiorhodospiraceae (referred to as Ecto-type HiPIPs) have E°of approximately 150 mV, both the smallest HiPIPs found in members of the family Rhodospirillaceae (referred to as Rhodo-type HiPIPs) and the largest HiPIPs found in members of the family Chromatiaceae (referred to as Chroma-type HiPIPs) have larger E°of approximately 350 mV for the 1-/2-couple [26, 27] . Lastly, these methods are being implemented into CHARMMing, a Web-based interface for CHARMM and other methods [28] .
Methods
All crystal structures were obtained from the Protein Data Bank [29] . Crystal structures of the four Fds were from Clostridium acidiurici at 0.94-Å resolution (2FDN) [30] , Peptostreptococcus asaccharolyticus at 2.00-Å resolution (1DUR) [31] , Pseudomonas aeruginosa at 1.32-Å resolution (2FGO) [25] , and Chromatium vinosum at 2.10-Å resolution (1BLU) [32] . In addition, crystal structures of the six HiPIPs were from Rhodocyclus tenuis at 1.50-Å resolution (1ISU) [33] , Rhodoferax fermentans at 1.45-Å resolution (1HLQ) [34] , Ectothiorhodospira vacuolata at 1.80-Å resolution (1HPI) [35] , Ectothiorhodospira halophila at 2.50-Å resolution (2HIP) [36] , Thermochromatium tepidum at 0.80-Å resolution (1IUA) [37] , and Chromatium vinosum at 1.20-Å resolution (1CKU) [38] .
Details for the calculations are given elsewhere [18, 19] and are summarized here. The DG in values were obtained from BS-DFT calculations at the B3LYP/6-31G(??) S **// B3LYP/6-31G** (energy calculation functional/basis set// geometry optimization functional/basis set) level of theory for Fe 4 S 4 (SCH 3 ) 4 -/2-/3-using the program NWChem [39] . The calculations were performed in a vacuum for the analog with dihedral angles C-S-Fe-S i (where S i is the cluster sulfur on the opposite plane from the iron) of approximately 60°in one plane and approximately -60°in the other plane. DG in was -0.232 eV for Fe 4 S 4 (SCH 3 ) 4 -/2-and 3.452 eV for Fe 4 S 4 (SCH 3 ) 4 2-/3- [18] . DG out for each protein was calculated using Poisson continuum electrostatics for the cluster in the protein surrounded by a continuum solvent using APBS [40] , a program for solving the PB equation. A 51.2-Å cubic grid with a grid spacing of 0.2 Å was used for all calculations. The partial charges for the redox site were from the BS-DFT calculations, the atomic radii and the rest of the partial charges were from CHARMM22 parameters [41] , and the probe radius for all Connolly [42] surfaces was 1.4 Å . The dielectric regions were defined as the redox site(s) with e c = 1, the protein with e p = 4, and the solvent with e s = 78, and the ionic concentrations were zero.
The E°values in Table 1 for the Fds, which have two clusters, were calculated as follows. For the simple Fd, E°i s an average of the values when the opposite cluster is considered as oxidized and reduced, since experiment indicates that the potentials are close enough for either cluster to be reduced first. For the II-insertion Fd, E°for the opposite cluster in the oxidized state was chosen for the cluster with the more positive E°(i.e., cluster II) and E°for the opposite cluster in the reduced state was chosen for the cluster with the more negative E°(i.e., cluster I). However, for the sequence identification in Figs. 3 and 4, the opposite cluster was assumed to be in the oxidized state for simplicity. The crystal structure for Pseudomonas aeruginosa Fd had two different orientations for Ser1, one with the side chain oriented toward cluster II and the other with the side chain oriented away from cluster II; the latter was chosen for the comparison. The burial of the redox site within the protein was described by the parameter R p and the polarization (or electret) of the entire protein was described by the parameter / p , and these were used to approximate E°via the electret-dielectric sphere (EDS) model [43] . The contribution of residue i was obtained as the difference between DG out for the full protein and DG out calculated with all of the partial charges for residue i including the backbone set equal to zero. Computational mutations were made by changing the cited residues and minimizing the mutated residues for 50 steps by steepest descent followed by 1,000 steps of adopted basis NewtonRaphson minimization while holding the rest of the protein fixed. The Fd sequences were aligned on the basis of previous alignments [6, 25] using Clostridium acidiurici Fd for the consensus residue numbering; the HiPIP sequences were also aligned on the basis of previous alignments [44] using Chromatium vinosum HiPIP for the consensus residue numbering.
Results and discussion
Our procedure for identifying sequence determinants that are good candidates for site-specific mutagenesis is demonstrated here. The procedure is based on identifying the sequence determinants that cause the changes in E°b etween classes of homologous proteins that exhibit different E°values. First, E°values are calculated using the DFT?PB approach and compared with experimental values to check whether PB calculations are likely to capture the origin of the sequence difference. If there are discrepancies for which reasonable explanations cannot be found, PB calculations may not be appropriate for calculating the protein contribution since factors such as the dynamics of the protein or change in the redox site may be important. Note that the error in the calculated E°( Table 1) is less than 50 mV for all of the proteins with structures with 1.5-Å resolution or better, except for Pseudomonas aeruginosa Fd and Chromatium vinosum Fd. The rest of the calculations involve only PB calculations because only the protein contributes. Next, R p and / p are examined to see whether Rhodospirillaceae-type (top), Ectothiorhodospiraceae-type (middle), and Chromatiaceae-type (bottom) high-potential iron-sulfur proteins are shown as ribbons, with the redox site and sequence determinants as balls and sticks the factors responsible for the differences are likely to be in the sequence, indicating potential candidates for site-specific mutagenesis, or in factors that may be harder to control by mutation, such as loop length. In particular, if the R p values of two classes being examined are different, the differences in E°are likely to be due to a difference in Colors indicate the contributions of the entire residue to E°. Dark blue represents more than 50 mV, light blue represents 25 to 50 mV, white represents -25 to 25 mV, pink represents -50 to -25 mV, and red represents less than -50 mV. Residues are numbered relative to Clostridium acidiurici ferredoxin (Ca). Residues ligated to the redox site are in bold, with a line below the alignment connecting the residues. References for reduction potentials are given in Table 1 , except for Ct1 [49] , Cp [50] , Met [51] , Mb [52] , AvvI [53] , Ta [54] , and RcI [55] . Ct1, Clostridium thermosaccharolyticum; Cp, Clostridium pasteurianum; Met, Methanosarcina thermophila; Mb, Methanosarcina barkeri; AvvI, Azotobacter vinelandii; Ta, Thauera aromatica; RcI, Rhodobacter capsulatus the loop size or extra secondary structure, which may be difficult to assess by mutation alone. On the other hand, if the R p values of two classes being examined are similar but / p is different, it is likely that the differences in E°are due to the sequence. If a sequence determinant appears likely, sequence alignments of the proteins with crystal structures can then be examined for residues that make a large contribution to E°in one class but not in another. Candidates for sequence determinants are chosen as any residue differing by at least approximately 50 mV between classes, but are consistent in residue type within a class for the proteins with crystal structure data. Finally, the best candidates for site-specific mutation are chosen from these if they are consistent with sequence data.
Cluster I of the ferredoxins: an example of similar folds with sequence determinants
The calculated properties of cluster I in the Fds generally indicate that the difference in the E°of this cluster between the simple Fds and the II-insertion Fds lies within the sequence (Table 1) . E°of cluster I of the II-insertion Fds relative to the simple Fds is predicted by the DFT?PB approach to be approximately 200 mV lower, in good agreement with experiment, which indicates it is a good candidate for using PB electrostatics for the protein contribution. In addition, since the R p values are only slightly different between the classes, the slight differences in size do not appear to affect E°of cluster I very much. Moreover, since / p is different between classes, it appears that the differences in E°are due to the sequence. Two possible sequence determinants at residues 12 and 51 can be identified on the basis of differences in their contributions to the electrostatic potential via a color-coded sequence alignment (Fig. 3) . At residue 12, the Gly in the simple Fds contributes 50-60 mV because of the backbone, whereas an Asp in the II-insertion Fds contributes -20 mV because the side chain adds a negative contribution. Although residue 12 is close to cluster I, the Asp side chain has a relatively small contribution since it is shielded dielectrically. In addition, at residue 51, the Ala in the simple Fds contributes approximately 55 mV, also because to the backbone, whereas the Cys in the II-insertion Fds contributes only approximately 5 mV, because the Cys side chain causes a larger backbone shift away from the redox site, as previously noted [6] .
To evaluate these two sequence determinants as candidates for site-specific mutations, comparisons with sequence data are made. In comparison with the sequence data with measured E° (Fig. 3) , at residue 12, all the simple Fds have a Gly, whereas all but one of the II-insertion Fds but have an Asp and, at residue 51, all the simple Fds have an Ala, whereas all but one of the II-insertion Fds have a Cys. In addition, the one II-insertion Fd with Gly12 and Asn51 has a measured E°that is approximately 150 mV higher than that of Chromatium vinosum Fd and Pseudomonas aeruginosa Fd, which is consistent with the predicted effects for residue 12. In a much larger sequence analysis with 16 simple and 30 II-insertion Fds [45] , Gly12 is completely conserved in the simple Fds, whereas Asp12 is semiconserved (40 % Asp, 40 % Gly, 20 % other) in the II-insertion Fds, and Ala51 is completely conserved in the simple Fds, whereas Cys51 is semiconserved (43 % Cys, with 46 % of the remainder having a Cys one to two residues further toward the C-terminus) in the II-insertion Fds. Thus, the Gly-Asp conversion at residue 12 and the Ala-Cys conversion at residue 51 appear to be good candidates for site-specific mutations, which agrees with previous experimental results ( Table 2) . (Although a shift in E°has been seen in Val13Gly Chromatium vinosum Fd [46] , it would not be identified by our procedure since residue 13 is an Ala in the simple Fds and a Val in the II-insertion Fds, both with similar contributions.) Rf :
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Rhodo Fig. 4 Sequence alignment of high-potential iron-sulfur proteins colored by the contribution of each residue to E°as in Fig. 3 .
Residues are numbered relative to Chromatium vinosum highpotential iron-sulfur protein (Cv). Residues ligated to the redox site are in bold, with a line below the alignment connecting the residues. References for reduction potentials are given in Table 1 , except for
Rge [26] , Rt3 [56] , Rg1 [26] , Ectothiorhodospira halophila (Eh1) [26] , Tr [56] , Cg [27] , and Tp [57] . Chroma, Chromatiaceae; Ecto, Ectothiorhodospiraceae; Rhodo, Rhodospirillaceae; Rge, Rhodocyclus gelatinosus; Rt3, Rhodocyclus tenuis; Rg1, Rhodopila globiformis; Tr, Thiocapsa roseopersicina; Cg, Chromatium gracile; Tp, Thiocapsa pfennigii
Cluster II of the ferredoxins: an example with differently sized loops and extra secondary structure without sequence determinants
In this example, a sequence determinant is hard to identify since experimentally the E°values of cluster II in the II-insertion Fds are only approximately 40 mV lower than those of the simple Fds. However, this case is interesting because the insertion in the cluster II binding motif and the C-terminal helix near cluster II might be expected to result in E°being much lower for the II-insertion Fds than for the simple Fds. In addition, it is instructive to look at this case since the E°values for cluster II of the II-insertion Fds calculated using the DFT?PB approach are approximately 100 mV too negative compared with the experimental values ( Table 1) . For this cluster, R p differs more between the classes, so the lowering of the calculated E°of the II-insertion Fds is partially due to the greater burial of the cluster, which can be estimated to lower it by 130 mV using the EDS model. However, other factors that are not accounted for by the simple DFT?PB approach may cause the actual E°to be raised, such as dynamic exposure of the redox site by movement of the cluster II insertion or the C-terminal helix, which can be tested by removing the insertion and the helix and looking for changes in E°. For instance, replacement of the cluster insertion by Ala-Gln resulted in an experimental increase of 44 mV but a calculated increase of only 18 mV, indicating that the calculated cluster insertion contribution is somewhat too negative but not enough to explain the difference between the calculated and experimental E°. On the other hand, removal of the entire C-terminal helix in the Pro56 mutant (removal of all residues from residue 56 according to consensus numbering to the C-terminus) resulted in a calculated increase of 145 mV, although there are no experimental results. This indicates that the C-terminal helix buries Asp55, Glu60, and Lys68 in the calculations so that they are in a low dielectric region. Although Glu60 and Lys68 form a salt bridge and so their net contributions cancel, movement of the C-terminal helix in solution might expose these residues to solvent such that they are in a high dielectric region in solution and the large negative contribution of Asp55 may be screened. Although Bacillus schlegelii Fd is from a different family of Fds, NMR structures indicate that the C-terminal helix moves to expose Asp55 and thus decrease its negative contribution. This indicates that a molecular dynamics simulation of Chromatium vinosum Fd to test the dynamic exposure maybe worthwhile.
Although the above results indicate uncertainty in the validity of using PB electrostatics to calculate the entire protein contribution, the homologous regions of the simple and II-insertion Fds can be examined for other possible residues that could contribute to the lowering in the II-insertion Fds, with the above caveat. Two possible sequence determinants are weakly identified in the alignment (Fig. 3) . At residue 20, a Val in the simple Fds contributes approximately 40 mV, whereas an Asn in the II-insertion Fds contributes approximately 3 mV, and at residue 38, an Ile in the simple Fds contributes approximately 50 mV, whereas a Thr in the II-insertion Fds contributes approximately 10 mV; hydrogen bonding of Thr38 to Asn20 stabilizes the orientation, which results in the decreased contribution in the II-insertion Fds (Fig. 1) . In comparison with the other sequences with measured E°, the conservation of the two candidates is less complete than for cluster I and the simple Fd with Asn20 actually has a slightly higher E°. In the much larger sequence analysis [45] , Val20 is semiconserved (69 % Val) in the simple Fds, whereas Asn20 is semiconserved (50 % Asn) in the II-insertion Fds, and Ile38 is semiconserved (69 % Ile) in the simple Fds, whereas Thr38 is semiconserved (73 % Thr) in the II-insertion Fds. Altogether, this indicates that either mutation may have little effect by itself; whereas a double mutation of Val20Asn and Ile38Thr might be a reasonable candidate. Table 1 ). The calculated E°values are predicted in good agreement with experiment, particularly the approximately 200 mV greater E°of the Rhodo-type HiPIPs relative to the Ecto-type HiPIPs, so the DFT?PB approach appears to be a reasonable method for calculating E°and the PB approach is a reasonable method for calculating the protein contribution. However, the large difference in R p between the classes indicates the greater exposure of the redox site in the Rhodo-type HiPIPs is responsible for much of the difference, estimated as 40 mV using the EDS model. In addition, the difference in / p indicates the electret may contribute as well. From examination of the color-coded sequence alignment (Fig. 4) , the N-terminus appears slightly more negative in the Ecto-type HiPIPs and a few other slightly more positive regions are apparent in the Rhodo-type HiPIPs. These results are consistent with earlier calculations indicating the charged side chains may be generally responsible for the differences [47] . However, no good candidates for site-specific mutagenesis are readily identifiable (Fig. 4) . Moreover, the features identified as being responsible, such as the greater exposure of the redox site in the Rhodo-type HiPIPs, appear difficult to test via mutation.
Chromatiaceae Versus Ectothiorhodospiraceae highpotential iron-sulfur proteins: an example with differently sized loops and a sequence determinant On the other hand, the calculated properties of Chromatype versus Ecto-type HiPIPs generally indicate that the origin of the difference in their E°values does lie within the sequence (Table 1 ). The calculated E°values are predicted again in good agreement with experiment, particularly the approximately 200 mV greater E°of the Chromatype HiPIPs relative to the Ecto-type HiPIPs. However, now the difference in R p between the classes is much smaller, and in fact would cause changes in the opposite direction to the difference in E°. Moreover, since the / p values are different and correlate with the observed difference in E°, the cause of the difference appears to lie in the sequences.
From examination of the sequence alignment (Fig. 4) , differences at residue 79 result in a large difference in the contribution to E°between the Chroma-type and Ecto-type HiPIPs and thus this is a candidate for a sequence determinant of E°. An Ala or Val at residue 79 in the Ecto-type HiPIPs has a small contribution of 10 mV, whereas a Ser in the Chroma-type HiPIPs has a contribution of approximately 65 mV, due mainly to the positive contribution of the side chain. From a comparison of sequence data of HiPIPs with E°data, residue 79 is also a Ser in other Chroma-type HiPIPs, whereas it is a Val or Ala in other Ecto-type HiPIPs. In the larger sequence data [44] , Ser79 is conserved in the 12 Chroma-type HiPIPs, whereas in the nine Ecto-type HiPIPs, residue 79 is also semiconserved for Ala (78 %, with the remainder being Ser or Val). Thus, the analysis predicts an Ala versus a Ser at residue 79 as a potential mutable sequence determinant for the HiPIPs ( Table 2) .
Conclusions
Understanding how sequence differences between homologous proteins lead to differences in reduction potentials is essential for understanding sequence-structure-function relationships in redox-active proteins. Here, an improved procedure for identifying sequence determinants for sitespecific mutagenesis was presented using the DFT?PB approach, although other computational methods may be used instead. First, the E°values calculated using the DFT?PB approach for homologous proteins with crystal structures are compared with experimental E°values to test whether PB calculations are appropriate. Next, PB electrostatic calculations of crystal structures are used to localize and identify residues that contribute differently to the calculated E°. Finally, comparisons with sequence data take advantage of the vastly greater amount of sequence versus structural data to examine the robustness of a candidate for mutation.
The methods were demonstrated here via the identification of several mutable sequence determinants of the reduction potential. Gly12 versus Asp12 and Ala51 versus Cys51 for cluster I of the simple versus II-insertion Fds, respectively, have been identified in good agreement with existing experimental data. In addition, Val20 versus Asn20 and Ile38 versus Thr38 for cluster II of the simple versus IIinsertion Fds, respectively, have been weakly identified, and Ala79 versus Ser79 in the Chroma-type versus Ectotype HiPIPs, respectively, have been identified; although these mutations have not yet been tested. In addition, the differences between the Rhodo-type and Ecto-type HiPIPs appear to be caused by differences in loop sizes, which are much more difficult to test experimentally, and many small changes due to the charged residues, which are also difficult to test experimentally. Finally, the disagreement between calculated and experimental E°values for cluster II of the simple versus II-insertion Fds appears to lie in the dynamics of the supernumerary secondary structure.
The current redox module in CHARMMing allows users to upload coordinates for iron-sulfur proteins and calculate their reduction potentials, all on the server. In addition, although beyond the scope of the work presented here, molecular dynamics simulations of these proteins can be set up in the CHARMMing portal; for instance, the abovementioned dynamics of the supernumerary secondary structure in the II-insertion Fds can be examined. However, such a study requires considerably more effort and resources than may be desired to simply identify mutations since to simulate the timescales needed for proper sampling, the input files generated by CHARMMing must be downloaded and run on a machine accessible to the user. Future implementations will permit mutations within CHARMMing as well as the generation of the color-coded sequences shown here and calculation of R p and / p .
